Dielectric characterization in a broad frequency and temperature range of Sr Bi 2 Nb 2 O 9 thin films grown on Pt electrodes J. Appl. Phys. 97, 114102 (2005) Polarization dependent near and extended x-ray absorption fine-structure ͑XANES and EXAFS͒, in combination with x-ray diffraction, has been used to study the structure of SrTiO 3 ͑STO͒ ultra thin films grown on Si͑001͒. For the in-plane direction ͑200͒, the x-ray diffraction data indicate that all films ͑from 40 to 200 Å͒ are equally expanded. This is in contradiction to previous reports claiming that the growth is pseudomorphic and epitaxial ͑coherent͒, which would predict an inplane contraction. Even the thinnest films ͑40 Å͒ grow in a relaxed mode ͑not coherent͒ at the deposition temperature ͑700°C͒. As the system is brought to room temperature, the films ͑now anchored to the substrate͒ are not allowed to compress as much as bulk STO. The residual film expansion is quantitatively explained by the differential thermal expansion of Si and STO. For the out-of-plane direction ͑002͒, the x-ray diffraction data indicate that STO films are expanded for the thinnest films, and relaxed for a thickness of 200 Å. The in-plane and out-of-plane EXAFS and XANES data show that the perpendicular expansion of the thinner films is accompanied by a displacive phase transition of SrTiO 3 where the Ti atom moves toward the ͑002͒ direction. This ferroelectric-type behavior of the thinner films implies important potential applications in electronics.
I. INTRODUCTION
Strontium titanate (SrTiO 3 or STO͒ is a multifunctional material with a stable structure upon an extensive range of temperatures. STO is commonly used as substrate for the growth of various oxides with attractive electrical properties as for superconductors and ferroelectrics.
1 STO ͑STO͒ also works as a buffer layer for the growth III-V semiconductors on silicon allowing for the optical capabilities of III-V's with the robustness of Si technology. 2 The interest of STO as high-k gate dielectric to substitute SiO 2 is falling down due to large amount of problems that remains regarding the growth of a commensurate and sharp interface of STO with Si. However, the scientific and technologic importance of STO still remains.
At room temperature, bulk SrTiO 3 has a perovskite structure and can be described by placing Sr ϩ2 atoms at the corners of a cube, a Ti ϩ4 atom at the cube center, and O
Ϫ2
atoms at the centers of the cube faces, in perfect octahedral coordination with the Ti ϩ4 atom ͓Fig. 1͑a͔͒. The phase transformations of bulk STO as a function of temperature has been studied in detail and is, at some extent, well understood.
At 105 K STO exhibits a phase transition where the oxygen octahedra rotates with a small tetragonal distortion of its unit cell (c/aϪ1)Ͻ0.0001. 3, 4 At 35 K, Curie law for the electrical permittivity predicts a ferroelectric phase transition. 5, 6 However, due to quantum fluctuations, any ferroelectricity is suppressed for all temperatures down to 0 K. 7 Strontium titanate becomes ferroelectric under strain at very low temperatures. 8 Physical properties of thin film are different from those of bulk materials. Moreover, mechanical properties of strained films could also differ from those films that are relaxed. 9 Recently, the driving force of the semiconductor industry to integrate thin ferroelectric transition-metal oxides with Si transistor technology has revived the question of whether or not a ferroelectric ground state can be supported by an ultrathin film. 10 Recent experimental studies designed to address this issue have focused on ferroelectric materials that were grown in a two-dimensional, thin-film geometry. 11, 12 In this work we present x-ray diffraction ͑XRD͒ evidence that the growth of STO thin films on silicon is not coherent, rather, the films remains under residual tensile strain at room temperature. The films also exhibit an elastic anomaly where the volume of STO unit cell increases, giving rise to a negative a͒ Electronic mail: saguirre@fis.cinvestav.mx
Poisson ratio. This anomaly is accompanied by a displacive phase transition of the Ti atom in the ͑002͒ direction, as demonstrated by the x-ray absorption fine structure ͑XAFS͒ measurements. The functionality of this ferroelectric instability as gate dielectric in metal-oxide-semiconductor fieldeffect transistor ͑MOSFET's͒ devices for nonvolatile memories is still under study.
II. EXPERIMENTS
STO films with thicknesses of 40, 60, 80, and 200 Å were grown on Si͑001͒ substrates using molecular beam epitaxy. Details of the sample preparation are provided elsewhere. 13 Near and extended x-ray absorption fine-structure ͑XANES and EXAFS͒ data were collected for the Ti K edge ͑h ϭ4966 eV͒ at room temperature. The data were recorded by monitoring the Ti K ␣ fluorescence emission using a singleelement SiLi detector fixed in the horizontal plane, at a right angle to the incident photon beam. The absorption data were collected in two orientations, with the polarization vector e of the synchrotron radiation aligned either parallel ͑e inplane͒ or perpendicular ͑e out-of-plane͒ to the Si͑001͒ surface. Consequently, due to the two-dimensional nature of the surface/film/substrate geometry, it was possible to distinguish in-plane from out-of-plane Ti-O bonding. In addition, the x-ray absorption spectrum from finely ground STO powder was measured in transmission; it was used as the EXAFS phase and amplitude standard to experimentally determine the Ti-O bond lengths within the films.
In order to characterize the strain state of the STO films, high-resolution specular x-ray diffraction measurements using a crystal analyzer were performed around the STO͑002͒ and Si͑200͒ Bragg reflections. Figure 2 shows the results of the diffraction experiment for the perpendicular lattice constants of the STO films. Clearly, the effect of strain is evident for samples thinner than a critical thickness of ϳ80 Å ͑the horizontal line denotes the bulk lattice constant of STO͒.
III. RESULTS AND DISCUSSIONS
Due to the extremely large lattice mismatch between the cubic unit cells of STO and Si (a STO ϭ3.905 Å and a Si ϭ5.431 Å), epitaxial growth of a thin STO layer on a Si͑001͒ substrate results in a STO layer that is rotated around the Si͓001͔ surface-normal by 45°; i.e., STO͓100͔//Si͓110͔. The resulting lattice mismatch between the STO layer and Si͑001͒ is then equal to (a Si /ͱ2Ϫa STO )/a STO ϭϪ1.7%. 13 In a coherent growth, a thin enough film is expected to be in perfect registry with the substrate. An isotropic cubic layer contracted in the in-plane direction will be Poisson expanded in the out of plane direction according to the following relation:
where c 11 and c 12 are the elastic constants, ⑀ ʈ ϭ1Ϫa ʈ /a bulk and ⑀ Ќ ϭ1Ϫa Ќ /a bulk are the in-plane and out-of-plane strains, respectively. a ʈ , a Ќ , and a bulk are the in-plane, outof-plane and bulk lattice constants, respectively. Both a ʈ and a Ќ , for STO films ͑for thicknesses of 40, 60, 80, and 200 Å͒, were obtained from the XRD curves showed in Fig. 2 . These values are plotted in Fig. 3 , where the squares are the values for the in-plane lattice constants and the circles are those of the out-of-plane direction. Using the macroscopic elastic constants of STO ͑Ref. 14͒ and the translation of the out-ofplane strain to the in-plane strain as stated by Eq. ͑1͒, the behavior of a Ќ is in accordance to an epitaxial growth, where the in-plane lattice constant is very similar to that of the substrate. However, when we look at the in-plane XRD to determine a ʈ , we found that all the films are expanded, this result is totally opposite of what is expected for a pseudomorphic growth. Regardless of the thicknesses ͑in the range of 40-200 Å͒ and within the experimental error bars, all the STO films grown on Si͑001͒ are under tensile strain with a value of residual strain of ϳ2%.
As showed in Fig. 3 for the 80 Å and below, the STO films are expanded in both direction. This volume increase in the unit cell is a severe elastic anomaly revealed by a negative Poisson ratio. The residual tensile strain in the in-plane direction is due to the differential thermal expansion between the STO film and the silicon substrate, while the expansion in the out-of-plane direction is the effect of a polarized interfacial layer of STO as evidenced by the x-ray absorption fine structure measurements.
The coefficients of thermal linear expansion are ␣ STO ϭ10.8ϫ10 Ϫ6 K Ϫ1 for SrTiO 3 ͑Ref. 15͒ and ␣ Si ϭ2.49 ϫ10 Ϫ6 K Ϫ1 for Si. 16 This significant difference causes the lattice mismatch to be larger at the growth temperature, where the expanded substrate and film lattice constant are 3.847 and 3.930 Å. If we suppose that the film relaxes at the growth temperature, even for the thinnest film, then when the whole structure ͑substrateϩfilm͒ cools down to room temperature, the film will contract only the amount that the substrate contract. That means that the substrate will contract a 0.18% (a Si :3.847 Å→3.840 Å). If the film lattice constant contracts a 0.18% then the final lattice constant will be 3.923 Å. This is the thermal mechanism through the substrateϩfilm system behaves giving rise to the formation of a residual tensile strain. Figure 4 shows the Ti K x-ray absorption near-edge spectra from the thin films studied. The spectra have been scaled to equal edge jump. The pre-edge features occur in the region of 4965-4980 eV. As is well known, in pure octahedral (O h ) symmetry the transition-metal 3d states are split by the ligand-crystal field into a triply degenerate t 2g set and a doubly degenerate e g set, with a splitting of ϳ2 eV, as indicated in Fig. 4 . In molecular point groups that lack inversion symmetry, for example the tetrahedral (T d ) point group, the metal 4p orbitals mix with the metal 3d orbitals, but this mixing occurs only with the higher of the two crystal-field split 3d states. 17 This p-d mixing makes 1s transitions to the higher energy group of 3d states dipole allowed (1s→3d transitions are dipole forbidden͒. 18 For this reason, the intensity of the second pre-edge feature has been correlated with ferroelectricity in the perovskite structure; 19, 20 i.e., with the quantitative displacement of the central Ti cation from its centrosymmetric position within the perovskite unit cell. Our data show a large increase in intensity of the Ti K pre-edge feature with decreasing film thickness. These data suggest the existence of an interfacial ferroelectric layer that becomes less significant as the film grows. The difference in the pre-edge height among the in-and out-of-plane polarizations ͑see Fig. 4͒ reveals the existence of a preferential axis along which the Ti atoms are displaced. Most of the growth of the pre-edge height in the in-plane direction is due to a disordered layer close to the interface with the Si͑001͒ substrate were the formation of SiO 2 plays an important role. However, major evidence of the displacement of the Ti atom from its centrosymmetric position is obtained from the quantitative EXAFS analysis.
We turn now to our extended x-ray absorption finestructure data. Little difference between the 200 Å film and the powder is observed for either of the two film polarizations; however, the situation is much different for the thinner films that show both significant polarization and thickness effects. Figure 5 shows the Fourier transforms of the extended fine structure. The peak in the Fourier transform near 1.4 Å corresponds to the Ti-O bond length. 21 Most startling is an apparent splitting of the Ti-O bond length for the thinner films when the polarization vector is aligned perpendicular to the STO/Si interface.
To obtain quantitative results, the Ti-O radial shell was modeled with the EXAFS phase and amplitude functions obtained from the bulk STO powder. As anticipated, data recorded from the 200 Å film in either polarization were indistinguishable from the STO powder. The results of the modeling for the 60 Å film are shown in data near kϭ7 Å Ϫ1 that is not modeled by a single Ti-O distance. Our two-shell analysis ͑bottom panel͒ finds the Ti-O bond length to be split by 0.22Ϯ0.06 Å along the Si͓001͔ surface-normal direction. Within the error bars, the bond lengths obtained by EXAFS ͑see Fig. 6͒ are in agreement with the lattice constant measured by XRD. The amount of the Ti-O bond length splitting does not depend on the STO film thickness but is stronger for thinner films. This result confirms the formation of an interfacial polarized layer of STO. This work is an experimental evidence of the correlation existing between ferroelectricity in STO and the increase in the unit cell volume predicted by Ref. 22 .
IV. CONCLUSIONS
The differential thermal expansion coefficients of SrTiO 3 and Si combined with the elastic constants of SrTiO 3 indicate that the films disorder at growth temperature. The SrTiO 3 films are then under tensile ͑not compressive͒ strain at room temperature. In contradiction to previous reports claiming that the growth of SrTiO 3 on Si͑001͒ is coherent. 23 X-ray diffraction data therefore witnesses a severe elastic anomaly; i.e., a negative Poisson ratio, in the thinnest films. X-ray absorption fine-structure (Ti K edge͒ finds a local Ti-O bond-length distortion that is interpreted as a ferroelectric polarization ͓see Fig. 1͑b͔͒ . The observed ferroelectric phase transition in STO is accompanied by an increment in the unit cell volume which is uncommon in ferroelectric phases of other perovskites where the unit cell volume is nearly conserved. This polarization is apparent for the thinnest films, but decreases with film thickness. SrTiO 3 thin film growth on Si is not coherent, rather, the films are under residual tensile strain due to differential thermal expansion. These films exhibit an elastic anomaly; that is explained by the presence of an interfacial polarization as revealed by x-ray absorption fine structure. 6 . Fits to the Fourier-filtered, first-shell contributions to the k 2 -weighted Ti K-edge EXAFS from the 60 Å film using the phase and amplitude functions obtained from the STO powder. The dots are the data points of the backtransform, and the solid lines are the fits. ͑a͒ In-plane data using one Ti-O distance. ͑b͒ Out-of-plane data using one Ti-O distance. ͑c͒ Out-of-plane data using two Ti-O distances.
